Abstract. Human osteoarthritis (OA) has been reclassified as a systemic musculoskeletal disorder involving activation of the innate and adaptive immune systems. Elevated pro-inflammatory cytokines may serve a key function in the development of the disease. 1,25-Dihydroxyvitamin D3 and dexamethasone (vitD3/Dex) may inhibit inflammation by acting on tolerogenic dendritic cells (tolDCs) in chronic inflammatory conditions. In the present study, DCs were isolated from peripheral blood mononuclear cells of patients with OA. DCs expressing high levels of co-stimulatory molecules maintain a tolerogenic phenotype under stimulation with LPS, which promotes DC maturation to generate tolDCs. When vitD3/Dex were added in the current study, the tolDCs produced pro-inflammatory cytokines, including low levels of tumor necrosis factor-α, interleukin (IL)-1β, IL-6 and IL-10, and high levels of transforming growth factor-β. However, when vitD3/Dex were added to DCs without LPS stimulation, the levels of IL-10 were high. DCs with LPS stimulation increased the percentage of T-cells that produced IFN-γ and IL-17 and DCs with vitD3/Dex treatment alone increased the percentage of T-cells that produced IL-10 and FoxP3. However, those cytokines decrease in DCs co-processed with LPS and vitD3/Dex. The IL-10 release by the stimulated T cells was indicated to repress autologous T cell proliferation via soluble IL-10 and cell-cell contact. Furthermore, tolDCs and regulatory T cells suppressed matrix metalloproteinase (MMP)-1 and MMP-13 secretion by chondrocytes. Additionally, Akt and p38 mitogen-activated protein kinase signaling were demonstrated to be involved in the regulatory effects of Dec and vitD3 in DCs. The present findings suggest a novel mechanism underlying the beneficial effects of tolDCs, particularly in association with the pathogenesis of OA.
Introduction
Osteoarthritis (OA) is characterized by excessive production of cytokines and metalloproteinases, resulting in the degeneration of articular cartilage tissue (1) . During the last century, it was believed that human osteoarthritis was a 'wear-and-tear' mechanically-driven focal musculoskeletal disorder associated with aging, and no medical treatment provided a 'cure', aside from arthroplasty (2) . However, over 10 years ago, when Pelletier et al (3) re-conceptualized OA as an arthritis joint disease, its inflammation was deemed 'non-classic'. OA can occur in any joint, but predominantly occurs in the knees, hips, hands and spine (4) . The main features of OA are joint cavity stenosis, subchondral bone remodeling, synovitis and cartilage degeneration (5) . OA is the most common type of arthritis, and its incidence is associated with age, sex, obesity and joint injury (6) . The incidence of OA is increasing (7) . Therefore the demand for diagnosis and treatment of the disease is also increasing.
Matrix metalloproteinase (MMP)-1 and MMP-13, and A disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS)-4 and ADAMTS-5 can degrade the extracellular cartilage matrix (8) . During joint development in adults, chondrocytes promote the mineralization of cartilage through a final differentiation step, similar to the process of bone f formation (9) . Pro-inflammatory cytokines are vital mediators that lead to metabolic disorder and increased catabolism of joint tissue associated with OA (10) . Interleukin (IL)-1β, tumor necrosis factor-α (TNF-α) and IL 6 are considered to be the major pro-inflammatory cytokines involved in the pathophysiology of OA (11) .
Vitamin D has been well researched for its effects on calcium metabolism, and has also been reported to have a significant immunomodulatory effect. For instance, treatment of dendritic cells (DCs) with 1,25-dihydroxyvitamin D3 [1, 25(OH) 2 D3] (vitD3) inhibited lipopolysaccharide (LPS)-induced inflammation (12) . LPS has been demonstrated to promote DC maturation, which generates tolerogenic DCs (tolDCs), a maturation-resistant form of the cells with tolerogenic function (11, 13) . Characteristics of tolDCs include high expression of co-stimulatory molecules and major histocompatibility complex (MHC) class II, and low production of pro-inflammatory cytokines, such as IL-12, IL-6 and TNF-α (14) . tolDCs have been increasingly studied as a cell-based treatment and have produced promising results in mouse models of autoimmune diseases, including diabetes and inflammatory arthritis (15) . They can induce and maintain peripheral T cell tolerance through multiple mechanisms, including induction of T cell deletion, anergy, cytokine deviation and induction of regulatory T cells (Tregs) (16) . In the current study, DCs from patients with OA were treated with dexamethasone (Dex)/vitD3 and their phenotype and function as tolDCs was assessed to determine whether the protein kinase B (Akt) and p38 mitogen-activated protein kinase (MAPK) signaling pathways were involved in the induction of tolDCs when stimulated with Dex and vitD3.
Materials and methods

Patients.
A total of 30 patients with OA (57-75 years old) were enrolled in the study, of which 17 were female and 13 male. The OA subjects were diagnosed according to the Western Ontario McMaster University Osteoarthritis Index (17) , and the study was conducted by the First Affiliated Hospital of Anhui Medical University, Hefei, China. Clinical and laboratory examinations were performed after obtaining informed written consent from the OA patients from January 2017 to January 2018. The inclusion criteria for the diagnosis of OA were as follows: i) ~1 month of repeated joint pain with >15 incidents of knee pain; ii) having bone fricative; iii) morning stiffness lasting <30 min; iv) age at diagnosis >38 years; v) presentation of bony enlargement(s). Subjects exhibited some associated complications, including joint pain, tenderness, stiffness, joint effusion, limited mobility, joint deformities and local inflammation of varying degrees; this was in accord with the general characteristics of OA (17) . Excluded patients were those with rheumatoid arthritis or gout-induced arthritis. The patients were not receiving any treatments prior to diagnosis. The study was approved by the Ethics Committee of Anhui Medical University.
Generation of Dex/vitD3-treated DCs. Peripheral blood mononuclear cells (PBMCs) and cluster of differentiation CD14 + monocytes were separated from 5 ml fresh venous blood by density centrifugation using Ficoll-Paque (GE Healthcare Life Sciences, Shanghai, China) and magnetic microbeads (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany), respectively. In the presence of 50 ng/ml granulocyte-macrophage colony-stimulating factor and 25 ng/ml IL-4 (PeproTech, Inc., Rocky Hill, NJ, USA), monocyte-derived immature DCs were produced by culture of monocytes at 1x10 6 cells/ml for 7 days, and the medium was refreshed or pretreatment performed on day 4. Mature DCs were generated by addition of 100 ng/ml LPS (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) on day 6 for 24 h (DC + LPS). Dex/vitD3-DCs were generated by adding 1 µM Dex to DCs on day 4, and 1 µM Dex plus 0.1 nM vitD3 on day 5, followed by addition of 100 ng/ml LPS on day 6 for 24 h. Cells were cultured in RPMI-1640 medium (Hyclone; GE Healthcare Life Sciences, Logan, UT, USA) containing 10% fetal bovine serum (FBS, Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), 2 mM glutamine, and 1% penicillin and streptomycin at 37˚C with 5% CO 2 . 
DC-T cell co
T cell differentiation. CD4
+ naive T cells (1x10 6 ) were co-cultured with 1x10 5 autologous DCs in 1 ml of X-vivo 15 medium (Lonza Group, Ltd., Basel, Switzerland) for 6 days at 37˚C with 5% CO 2 . Recombinant human IL-2 (rhIL-2; 20 U/ml; cat. no. CTP0021; Thermo Fisher Scientific, Inc.) was added on day 6, and cells were cultured for a further 6 days. T cell proliferation and suppression. To assess the ability of these T cells to inhibit proliferation and/or cytokine generation, allogeneic mature DCs (10:1; 1x10 4 Chondrocyte isolation and identification. Cartilage specimens were acquired from the femoral condyles of the aformentioned patients with knee OA that had undergone total knee arthroplasty between January 2017 and 2018. The fragments were washed thoroughly in Dulbecco's modified Eagle's medium (DMEM; Thermo Fisher Scientific, Inc.) containing 1% penicillin/streptomycin solution (Sigma-Aldrich; Merck KGaA), then samples were cut into small pieces and digested with various enzymes. The tissue pieces were treated with 0.1% hyaluronidase for 20 min, 0.5% pronase for 1 h and 0.2% collagenase for 1 h (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C. Subsequently, the cell suspension was filtered through a 100-µm Celltrics filter (EMD Millipore, Billerica, MA, USA), washed and then centrifuged at 200 x g for 10 min at 4˚C. Human primary chondrocytes were cultured with DMEM containing 10% FBS at 37˚C in a 5% CO 2 incubator for 2 weeks. The culture medium was replenished every 5 days. Chondrocytes were seeded on glass coverslips in 6-well plates at 1x10 5 cells/well and then harvested. The sections were washed 2-3 times, and then were stained with 1% toluidine blue for 10 min at room temperature, and then observed under an optical microscope. The coverslips with the chondrocytes were fixed with 4% (v/v) paraformaldehyde for 30 min at 37˚C, then permeablized with 0.1% Triton X-100 for 20 min at room temperature, washed three times and incubated with anti-collagen II antibody (1:300 dilution; cat. no. Ab34712; Abcam, Cambridge, MA, USA) overnight at 4˚C. The subsequent day, horseradish peroxidase-labeled secondary antibodies (1:100; cat. no. A0208; Beyotime Institute of Biotechnology, Haimen, China) was added for 1 h at 37˚C. This was followed by immunostaining with 3,3-diaminobenzidine tetrahydrochloride for 1-3 min at room temperature. The coverslips were counterstained with hematoxylin for 30-60 sec at room temperature, and then rinsed under light running water. Images of these cells were captured at x200 magnification in light microscope (Olympus IX73; Olympus Corporation, Tokyo, Japan).
DC-chondrocyte or T cell-chondrocyte co-culture experi-
ments. An aliquot of first generation chondrocytes was seeded in 24-well plates at 5x10 4 cells per well. Cells cultured with 20 ng/ml TNF-α for 12 h were rinsed, and co-cultured with the autologous DC or Tregs at a ratio of 10:1 (chondrocytes: DC or T cells) in DMEM containing 10% FBS at 37˚C in a 5% CO 2 incubator for 24 h.
Flow cytometry. DCs or T cells were incubated with Human
TruStain FcX™ (Fc Receptor Blocking Solution; Miltenyi Biotec GmbH) for 10 min, and then with primary antibodies on ice for 30 min. Human leukocyte antigen-antigen D related-phycoerythrin (HLA-DR-PE; cat. no. 560943), CD86-fluorescein isothiocyanate (FITC; cat. no. 560958), CD40-peridinin chlorophyll protein complex-cyanin 5 (Pe-Cv5; cat. no. 560963), CD83-allophycocyanin and isotypic controls (APC; cat. no. 561960; all BD Biosciences) were used for flow cytometry. The intracellular cytokine profile was assessed using the monoclonal antibodies interferon-γ (IFN-γ) ELISA. Supernatants were harvested from DC cultures, DC or T cell-chondrocyte co-cultures and stored at -80˚C for subsequent cytokine measurements. Cytokines concentations were measured by ELISA using the following kits: human TNF-α (cat. no. DTA00C), human TGF-β (cat. no. DB100B), human IL 1β (cat. no. DLB50), human IL-6 (cat. no. D6050), human IL-10 kit (cat. no. D1000B), MMP-1 (cat. no. DMP100) and MMP-13 (cat. no. DM1300; all R&D Systems, Inc.) according to the manufacturer's protocol. Absorbance was determined using a Thermo Scientific Microplate Reader (Thermo Fisher Scientific, Inc.).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNAs were extracted from DC-primed naive T cells using TRIzol ® Reagent (Sigma-Aldrich; Merck KGaA). First-strand cDNAs were then synthesized using a SuperScript ® III Reverse Transcriptase kit (Invitrogen; Thermo Fisher Scientific, Inc.) and then converted into cDNA on a Mastercycler ® nexus (Eppendorf, Hamburg, Germany) using a PrimeScript ® RT reagent kit (Takara Bio, Inc., Otsu, Japan), according to the manufacturer's protocol. qPCR was conducted using SYBR Green PCR Master mix (with Rox; Invitrogen; Thermo Fisher Scientific, Inc.) on LightCycler Co., Ltd. (Shanghai, China). The PCR reaction conditions were: 95˚C for 5 min, followed by 35 cycles of denaturation at 95˚C for 15 sec and annealing/elongation at 55˚C for 30 sec. Results were computed using the 2 -ΔΔCq method with normalization to β-actin (18) .
Western blotting. Following the aforementioned treatments, 1x10 6 cells were seeded in 6-well plates and washed with ice-cold phosphate-buffered saline, and then suspended in 150 µl radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology). The protein concentration was determined using a bicinchoninic acid assay kit (Beyotime Institute of Biotechnology). An equal quantity of protein (40 µg) was loaded per lane and separated using 10% SDS-PAGE, followed by transfer to nitrocellulose membranes. Subsequently, the membranes were blocked with 5% skim milk for 2 h at room temperature, then incubated with rabbit anti-Akt (phospho S473; cat. no. ab81283), rabbit anti-p38MAPK (phospho T180 + Y182; cat. no. ab4822) or rabbit anti-Akt (cat. no. ab8805; Abcam) and rabbit anti-p38MAPK (cat. no. ab170099; all 1:1,000; Abcam) primary antibodies overnight at 4˚C. Following three washes with tris-buffered saline-Tween solution, the membranes were incubated with horseradish peroxidase-labeled goat anti-rabbit immunoglobulin G (1:5,000; cat. no. A0208; Beyotime Institute of Biotechnology) for 1 h at room temperature. Finally, bands were detected using enhanced chemiluminescence reagents (Wuhan Boster Biological Technology, Ltd., Wuhan, China) on Amersham Imager 600 System (GE Healthcare Life Sciences). Protein expression levels were analyzed with Image-Pro Plus software 6.0 (Media Cybernetics, Inc., Rockville, MD, USA).
Statistical analysis. All data in the present study are expressed as mean ± standard error of the mean. Statistical analysis was conducted using SPSS 19.0 (IBM Corp., Armonk, NY, USA). Statistical significance was determined by one-way analysis of variance with Bonferroni post-hoc tests. P-values are presented for individual experiments and four repetitions of each experiment were conducted. P<0.05 was considered to indicate a statistically significant difference.
Results
DCs generated from OA samples. Expression of co-stimulatory molecules and maturation markers (CD86, CD83, CD40 and HLA-DR) in Dex/vitD3-DCs obtained from patients with OA was determined by flow cytometry. In the presence of Dex/vitD3, the upregulation of co-stimulatory molecules induced by LPS stimulation was abrogated (Fig. 1A) . Dex/vitD3-DCs expressed markedly lower CD83 than mature DCs. These findings indicated that the Dex/vitD3-DCs had a semi-mature phenotype. Similar results were observed in Dex/vitD3-DCs from normal subjects (data not shown). In order to characterize the effect of Dex/vitD3 on DC function, the generation of cytokines by DCs was analyzed. DCs induced by LPS, when compared with untreated immature DCs (the DC group), the LPS + DC group exhibited increased secretion of TNF-α (389±34 vs. 27±9 pg/ml, respectively; n=16; P<0.01), IL-1β (486±35 vs. 31±9 pg/ml, respectively; n=16; P<0.01) and IL-6 (585±66 vs. 27±11 pg/ml, respectively; n=16; P<0.01; Fig. 1B-D) . A low amount of IL-10 was detected in the DC group and the LPS + DC group (25±5 and 34±5 pg/ml, respectively; n=16). The DC + Dex/vitD3 + LPS group significantly inhibited the production of TNF-α (107±14 pg/ml), IL-1β (102±20 pg/ml) and IL-6 (135±32 pg/ml; n=16; P<0.01; Fig. 1B-D) . However, IL-10 (202±17 vs. 26±5 pg/ml, respectively; n=16; P<0.01; Fig. 1E ) significantly increased secretion in the Dex/vitD3 + DC group compared with the DC group. Additionally, IL-10 production in the DC + Dex/vitD3 + LPS group was significantly inhibited compared with the DC + Dex/vitD3 group (58±11 pg/ml; n=16; P<0.01). Notably, compared with the DC group, the LPS + DC group slightly and significantly increased TGF-β (62±14 vs. 26±8 pg/ml, respectively; n=16; P<0.05) secretion, and Dex/vitD3 potentiated this production to 190±31 pg/ml compared with the LPS + DC group (n=16; P<0.01; Fig. 1F ).
Dex/vitD3-DCs attenuate autologous T cell proliferation.
To assess the proliferation of autologous T cells when cultured with Dex/vitD3-DCs, the thymidine incorporation assay were performed. Compared with DC-T cell co-cultures, LPS + DC increased autologous T cell proliferation (n= 6; P<0.01; Fig. 1G ). When compared with the LPS + DC group, the proliferation of autologous T cell in the DC+Dex/vitD3+LPS group was signifcantly reduced (n=6; P<0.01; Fig. 1G ). Together, these results indicated that T cells stimulated by Dex/vitD3-DCs exhibited function equivalent to that of Tregs.
Dex/vitD3-DCs reduce the differentiation of naive T cells to Th1 and Th17 cells, and induce differentiation to IL-
Dex/vitD3-DCs (tolDCs) and IL-10-producing Tregs repress the production of MMPs by chondrocytes.
Toluidine blue and II-collagen antibody staining of cartilage cells was performed, resulting in light blue and brown chondrocyte staining (Fig. 4A) . To characterize the effects of Dex/vitD3-DCs and IL-10-producing Tregs on chondrocytes, TNF-α-pretreated chondrocytes were co-cultured with the autologous Dex/vitD3-DCs (considered tolDCs) or T [DC + Dex/vitD3 + LPS) cells (considered Tregs). TNF-α induction significantly increased secretion of MMP-1 and MMP-13 (n=8; P<0.01) compared with untreated chondrocytes (Fig. 4B) . TolDCs and Tregs inhibited the production of MMP-1 and MMP-13 (n=8; P<0.01) in chondrocyte cultures compared with the TNF-α-induced levels (Fig. 4B) . Furthermore, mRNA levels of ADAMTS-4 and ADAMTS-5 were determined by RT-qPCR. TNF-α significantly increased the expression of ADAMTS-4 and ADAMTS-5 compared with those in the untreated chondrocytes group. Chondrocytes co-cultured with tolDCs and Tregs exhibited marked reduction in ADAMTS-4 and ADAMTS-5 (n=8; P<0.01) compared with those treated with TNF-α (Fig. 4C ).
Akt and p38 MAPK phosphorylation are involved in the effect of Dex/vitD3. The underlying mechanisms of tolerogenicity in Dex/vitD3-DCs were investigated. The phosphorylated forms of Akt and p38 MAPK were detected by phospho flow. LPS-induced phosphorylation of Akt and p38 MAPK was reduced by Dex and vitD3 (Fig. 5A) . Additionally, compared with the DC group, the DC + LPS group exhibited significantly increased phosphorylation of Akt and p38MAPK protein, (n= 6; P<0.01; Fig. 5B and C) . However, compared with the DC + LPS group, the DC + Dex/vitD3 + LPS exhibited significantly reduced Akt and p38MAPK protein phosphorylation levels (n=6; P<0.01; Fig. 5B and C) .
Discussion
Dex/vitD3-DCs were generated using PBMCs from patients with OA. The PBMCs were treated with Dex and vitD3, which was followed by LPS-induced differentiation in vitro. Dex increases the expression of the vitamin D receptor, which makes T cells more susceptible to vitD3 stimulation (15, 16 ). In the current study, the expression of the vitamin D receptor on DCs was increased following the treatment with Dex (data not shown). Additionally, as reportedly previously, Dex/vitD3-DCs produced from patients with OA exhibited low expression of co-stimulatory molecules, MHC class II and maturation markers, compared with tolDCs derived from healthy volunteers (19) , and OA Dex/vitD3-DCs attenuated autologous T cell activation and proliferation.
Naive T cells that were exposed to OA Dex/vitD3-DCs exhibited a less pro-inflammatory phenotype and reduced production of IFN-γ and IL-17. The low level of IL-6 produced by Dex/vitD3-DCs likely facilitated the differentiation of Tregs into Th17 cells (20) . Additionally, differentiation of T cells to IL-10-generating Tregs appeared to be induced by the vitD3/Dex, and these cells suppressed autologous T cell activation and proliferation. Notably, the IL-10-producing Tregs, which had increased expression of Foxp3, were different from type 1 Tregs described previously (19, 21, 22) . IL-10 production and cell-cell contact were required to mediate the regulatory functions of T cells in the present study. To investigate the molecular mechanisms involved in the effect of Dex/vitD3, several signaling pathways, including the phosphoinositide 3-kinase (PI3K), p38 MAPK and extracellular signal-regulated kinase 1/2 pathways, have been investigated (11) . In line with recent findings (23) , the results of the current study demonstrated that the p38 MAPK was involved in the effects of Dex/vitD3. PI3K signaling may also serve a function in Dex/vitD3-induced effects (24) .
OA, the most common joint disease worldwide, is a progressive inflammatory disease characterized by cartilage destruction, synovitis and subchondral bone reconstruction (3, 11) . Changes in innate and adaptive immunity also appear to be involved in OA, as activated T cells are present in the synovial tissue of articular specimens from patients with OA (25) . In fact, study has indicated that immune-mediated inflammation is common in OA synovial tissue, where immune cell infiltration and cytokine secretion are prominent manifestations (26) . Pro-inflammatory cytokines, including IL-1β, TNF-α and IL-6, are involved in the pathophysiology of OA. IL-1β levels are generally elevated in OA synovial fluid (17) . The levels of serum IL-6 and C-reactive protein are increased, and consistently higher in individuals diagnosed with radiographic knee OA than in healthy controls (27) . Furthermore, the levels of IL-6 and TNF-α in serum have been previously reported to be associated with loss of cartilage in elderly patients with OA (28). Barker et al (29) reported that early OA of the knee was associated with increased serum levels of TNF-α, IL-5, IL-6 and IL-12. Additionally, the level of IL-17 has been demonstrated to be higher in serum and synovial fluid of patients with OA compared with controls (30) .
Pro-inflammatory cytokines that stimulate the expression of MMPs and ADAMTS proteins in human chondrocytes cultures are also significantly elevated in the synovial fluid of patients with OA (31). Osteoarthritic cartilage degradation initiates structural changes within the joints, which can considerably impact joint function (3). The loss of chondrocyte extracellular matrix proteins, collagen II and aggrecan, is a hallmark of OA (32) . ADAMTS-4 and ADAMTS-5 have an important role in the degradation of aggrecan in cartilage, which occurs early in OA pathogenesis (33) . MMPs are enzymes that can degrade collagen II, and are secreted in response to various stimuli, including cytokines and growth factors, in arthritic joints (34) .
To the best of our knowledge, the findings of the current study are the first to demonstrate the generation of tolDCs from patients with OA by stimulation with vitD3 and dex. Each of vitD3 and Dex have been previously shown to induce tolDCs (21, 22) and may extend the survival time of organ allografts (35) . Indeed, Dex/vitD3-stimulated DCs exhibited better tolerance than using vitD3 or Dex individually (36) , or other pharmacological agents (19) . It has been reported that Dex/vitD3-DCs have beneficial therapeutic effects in antigen-specific models, including collagen-induced arthritis (30) . Considering the important role of T cells and chondrocytes in the pathogenesis of OA (37) , the present study demonstrated the beneficial immunomodulatory effects of Dex/vitD3-DCs on T cells from patients with OA, with reduced production of Th1 and Th17 cytokines in the pro-inflammatory profile. Both the Dex/vitD3-treated DCs, and the subsequently generated IL-10-producing Tregs, exhibited a protective effect on chondrocytes, suppressing the expression of ADAMTS-4 and ADAMTS-5 and reducing the production of MMP-1 and MMP-13. Therefore, combination of vitD3 and Dex followed by LPS maturation may be an effective strategy for induction of tolDCs in patients with OA, and thus have therapeutic potential.
